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Plant performance is strongly dependent on nitrogen (N), and thus increasing N nutrition
is of great relevance for the productivity of agroecosystems. The effects of arbuscular
mycorrhizal (AM) fungi on plant N acquisition are debated because contradictory results
have been reported. Using 15N-labeled fertilizers as a tracer, we evaluated the effects
of AM fungi on N uptake and recovery from mineral or organic sources in durum wheat.
Under sufficient N availability, AM fungi had no effects on plant biomass but increased N
concentrations in plant tissue, plant N uptake, and total N recovered from the fertilizer.
In N-deficient soil, AM fungi led to decreased aboveground biomass, which suggests
that plants and AM fungi may have competed for N. When the organic source had a low
C:N ratio, AM fungi favored both plant N uptake and N recovery. In contrast, when the
organic source had a high C:N ratio, a clear reduction in N recovery from the fertilizer
was observed. Overall, the results indicate an active role of arbuscular mycorrhizae in
favoring plant N-related traits when N is not a limiting factor and show that these fungi
help in N recovery from the fertilizer. These results hold great potential for increasing the
sustainability of durum wheat production.
Keywords: arbuscular mycorrhizal fungi, arbuscular mycorrhizal (AM) symbiosis, soil nitrogen (N) source, soil
nitrogen (N) availability, organic nitrogen, mineral nitrogen, nitrogen uptake, 15N fertilizer recovery
INTRODUCTION
Durum wheat is a keystone crop in Mediterranean agroecosystems. Its performance is strongly
dependent on the availability of soil nitrogen (N) throughout its development. Evidence from field
experiments points to a drastic decrease in crop yield with a decrease in the amount of N fertilizer
(Gao et al., 2009; Giambalvo et al., 2018). However, often only 50% or less of the N fertilizer applied
to soil is recovered by cereals, and this percentage decreases as the rate of N fertilization increases
(Foulkes et al., 1998; Raun and Johnson, 1999; Blankenau et al., 2002; Ruisi et al., 2015, 2016).
This has important agro-environmental implications since, due to the high N mobility in the soil–
plant–atmosphere system, N not used by plants contributes greatly to agriculture-related pollution
through leaching, volatilization, and denitrification (Drinkwater et al., 1998; Limaux et al., 1999).
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Arbuscular mycorrhizal (AM) fungi can play an essential role
in the plant’s acquisition of N from both organic and inorganic
sources (Johansen et al., 1994; Hawkins et al., 2000; Saia et al.,
2014; Thirkell et al., 2016). Various molecular studies have further
corroborated that expression of plant N transporters can be
influenced by AM fungi (Guether et al., 2009a,b; Saia et al., 2015),
suggesting that mycorrhization might have an active influence
in this process. The increase in plant N uptake due to AM
symbiosis and the amount of N immobilized in fungal biomass
can drastically reduce the amount of nutrients lost through
different pathways in the agroecosystem (Asghari and Cavagnaro,
2012; Cavagnaro et al., 2015; Köhl and van der Heijden, 2016).
The preferential uptake and immobilization of ammonium into
fungal biomass reduces the amount of N that can be nitrified
and lost via leaching, as nitrate is highly mobile in soil and
easily leached. This reduction in nitrification in turn reduces the
production of nitrous oxide (Bender et al., 2014; Zhang et al.,
2015; Storer et al., 2018), a potent greenhouse gas with a warming
potential approximately 300 times higher than that of carbon
dioxide (IPCC, 2001). In addition, AM fungi can influence the
soil microbial community and soil aggregation and therefore
processes such as mineralization, nitrification, and denitrification
(Veresoglou et al., 2012; Leifheit et al., 2014; Cavagnaro et al.,
2015). Moreover, because a significant amount of the total AM
fungal biomass can be located in deeper layers of the soil (Higo
et al., 2013), as highlighted by Sosa-Hernández et al. (2019), a
portion of N that migrates down the profile can be immobilized in
the fungal biomass or delivered to the plant, thus further avoiding
N loss. This notwithstanding, the role of AM fungi in N plant
nutrition is controversial (Smith and Smith, 2011; Corrêa et al.,
2015; Wang et al., 2018). AM fungi have a notable N demand for
their metabolism (Hodge and Fitter, 2010) and can even compete
with the host plant for soil N when the soil is deficient in N
(Treseder and Allen, 2002; Püschel et al., 2016). Indeed, certain
studies show that soil N deficiency induces the expression of
N-retaining ammonium transporters in AM fungi, suggesting
the existence of a competition between plant and fungus for
the interface apoplast N (Guether et al., 2009b; Pérez-Tienda
et al., 2011). Nonetheless, various AM fungal taxa have different
functional responses to soil N availability and thus differentially
affect plant and agroecosystem productivity (Treseder et al.,
2018). Also, the small diameter of the AM fungal extra-radical
mycelium facilitates the exploration of soil not accessible to plant
root hairs, and hyphae can take up a portion of N retained by
the exchange complex in the form of ammonium. This allows
the two symbionts to acquire N from different portions of the
soil, which can reduce competition between the plant and fungi.
Moreover, although AM fungi can enhance mineralization by
adding carbon (C) to sites where mineralization takes place
(Hodge and Storer, 2015; Bunn et al., 2019) and/or by influencing
the soil microbial community (Veresoglou et al., 2012), it is
not known whether this ability changes with the composition
of organic matter (e.g., different C:N ratios). In fact, during the
mineralization of organic matter with a high C:N ratio, there can
be a temporary immobilization of N (Tian et al., 1992) and thus
a reduction in soil N availability with possible consequences for
AM symbiotic functioning.
The present experiment tested whether AM fungi enhance
durum wheat N uptake and N recovery from added mineral
fertilizer and organic matter and whether these effects differ with
varying N availability and properties of the added organic matter.
MATERIALS AND METHODS
Pot and Plant Management
Durum wheat (Triticum durum Desf. cv. Anco Marzio) was
grown in 6-L sterilized pots (diameter = 16 cm, height = 30 cm)
filled with sterilized artificial substrate. The growth substrate was
composed of a 70% silica sand (Gras Calce srl, Trezzo sull’Adda,
Italy) and 30% agricultural soil w/w mixture; we used such high
percentage of silica sand both to have a substrate poor in N and
to easily extract all the roots. Both substrate portions were sieved
through a 2-mm mesh and sterilized as follows: humidification,
24 h at room temperature, and 24 h at 130◦C, for a total of
three cycles. After the sterilization, the two soil fractions were
separately characterized. Sand total N (Kjeldahl) and available
phosphorous (P; Olsen P) were 0.11 g kg−1 and 7.44 mg kg−1,
respectively. Agricultural soil was collected from the first 30 cm
of a well-structured clay soil classified as a Vertic Haploxerept at
Pietranera farm (Sicily, Italy; 37◦53′ N, 13◦51′ E; 162 m a.s.l.)
having the following properties: 267 g kg−1 clay, 247 g kg−1
silt, 486 g kg−1 sand, pH 8.0, 10.8 g kg−1 total C (Walkley–
Black), 0.86 g kg−1 total N (Kjeldahl), 40.1 mg kg−1 available P
(Olsen P), 598 mg kg−1 total P, 26 cmol kg−1 cation exchange
capacity, 1.70 dS m−1 saturated electrical conductivity (25◦C),
27.9% water content at field capacity, and 18.9% water content
at the permanent wilting point. Therefore, the resulting mixture
was poor in N and sufficiently supplied with phosphorus.
Each pot was filled with 7.5 kg substrate. The crop was
sown on February 3, 2016, with 15 surface-sterilized seeds per
pot. Ten days after emergence, plants were thinned to seven
plants per pot. All pots and seeds were sterilized with sodium
hypochlorite 3% for 3 to 5 min. After sowing, all pots were
irrigated to water holding capacity. Afterward, soil moisture
was monitored twice a week, and additional water was added
when the soil moisture reached 70% of water holding capacity.
The soil water holding capacity of the substrate was determined
with the gravimetric method (Dobriyal et al., 2012). Briefly,
10 perforated crucibles were filled with 100 g soil and placed
in a basin with water up to half of the crucibles’ height. The
crucibles were permitted to absorb water by capillarity until
each pot was saturated. Excess water was allowed to drain,
and the crucibles were weighed and oven-dried at 105◦C to a
constant weight. The weight difference between the crucibles
before and after the drying process represented the soil water
content at field capacity.
The factors studied were fertilization (five levels: non-
fertilized control, two levels of mineral N supply, two organic
matter amendments) and inoculation (two levels: non-inoculated
control, AM fungal inoculation). A total of 50 pots were set up
[2 (with or without AM fungal inoculum) × 5 soil N levels × 5
replicas] in a completely randomized design. The plants were
grown for 85 days after sowing (DAS), from February 3 to April
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28, 2016. The experiment was performed outdoors at Pietranera
farm, which is located about 30 km north of Agrigento, Sicily,
Italy (37◦54′ N, 13◦51′ E; 160 m a.s.l.). Weather data collected
from a weather station within 200 m of the experimental location
are reported in Supplementary Figures S1, S2.
Fertilization Treatments
Durum wheat in the presence (+myc) or absence (–myc) of AM
fungal inoculum was grown under four N fertilizer treatments
(N-org1, N-org2, N-min1, N-min2) and in a non-fertilized
treatment (N0). Briefly, 10% 15N-enriched ammonium sulfate
was applied in N-min1 and N-min2. In N-min1, 0.75 g fertilizer
was applied per pot. In N-min2, the amount of N was doubled;
hence, 1.5 g fertilizer per pot was added. In the two mineral
treatments, there were two fertilization events: two thirds of the
total fertilizer (0.5 and 1 g per pot in N-min1 and N-min2,
respectively) was applied 11 days after emergence, and the
remaining one third (0.25 and 0.5 g per pot, respectively) was
applied 38 DAS (concomitant with the beginning of the durum
wheat elongation phase).
All organic N treatments consisted of the application of 13 g
organic matter per pot (equivalent amount of 6.5 Mg ha−1).
This amount is approximately equivalent to the typical amount
of biomass left by the previous crop in the field in this semiarid
agroecosystem (Giambalvo et al., 2012).
The organic matter was chopped (approximately 2 mm) and
homogeneously distributed at a depth of 5 to 10 cm 1 day
before sowing. Residues of two crops with different C:N ratios,
Lolium multiflorum (ryegrass; N-org1) and Vicia faba (faba bean;
N-org2), were used as organic N sources. The organic matter
for both treatments was obtained from a pilot experiment in
which the two species were grown in 15N-enriched soil. The pilot
experiment ended when both species reached maturation. Later,
the biomass was harvested, dried, and characterized for total C, N,
and 15N concentrations (Table 1). Characteristics of the organic
matter are reported in Table 1. In short, 0.118 and 0.363 g organic
N per pot were applied in N-org1 and N-org2, respectively.
Inoculum
At sowing time, the natural soil microbial community, excluding
AM fungi, was reintroduced to each pot. To this end, a soil filtrate
was obtained through filtration of a soil suspension. Briefly, soil
was suspended in distilled water at a ratio of 1:3 w/v and shaken
for 20 min at 140 rpm. Later, after decantation, the suspension
was filtered through an 11 µm mesh to remove the natural AM
fungal community. A total of 200 ml soil filtrate solution was
added per pot. Pots in the+myc treatments were also inoculated
TABLE 1 | Properties of the organic nitrogen (N) sources used in the experiment.
Crop Total C Total N C to N 15N
residual (g kg−1 dry (g kg−1 dry ratio (g kg−1 total N)
weight) weight)
Ryegrass 453 9.1 49.7 8.9
Faba bean 447 27.9 16.2 4.3
Ryegrass and faba bean were used in N-org1 and N-org2, respectively.
with 1 g per pot of a commercial inoculum (AEGIS IRRIGA,
Italpollina SpA, Rivoli Veronese, Italy) consisting of a mix of the
two AM fungi species Rhizophagus irregularis and Funneliformis
mosseae equally present at a density of 700 spores g−1. This
commercial inoculum also had 1 × 107 rhizosphere bacteria. To
isolate the effects of the AM fungi, we extracted the bacterial
community of the inoculum using the same protocol used for the
natural soil microbial community reported above and introduced
to the –myc treatments.
Arbuscular mycorrhizal fungal inoculation was done at
the time of sowing, and the inoculum was distributed just
below the sowing bed.
Biomass Harvesting and Analyses
At the end of the experiment (84 DAS), aboveground biomass
(shoots) was harvested and fresh and dry biomass recorded.
Later, aboveground biomass was ground to a fine powder,
and total N and 15N concentrations were determined. The
total N concentration was determined with the Dumas method
(flash combustion with an automatic N analyzer; DuMaster D-
480, Büchi Labortechnik AG, Flawil, Switzerland), whereas the
15N concentration was determined using an elemental analyzer
(Model NA 1500, Carlo Erba, Milan, Italy) equipped with
an isotope ratio mass spectrometer (Isoprime Ltd., Cheadle,
United Kingdom).
Belowground biomass (roots) was carefully extracted through
sieving and consecutive washing and then oven-dried at 40◦C
until a constant weight.
Two root biomass subsamples were extracted. One was used
to quantify the root length using the modified Newman formula
(Tennant, 1975):
Root length = (11/14)×N× G,
where N is the total number of intercepts of the root with
vertical and horizontal grid lines, and G is the grid square
dimensions (cm).
The other root subsample was cleared with potassium
hydroxide 10%, stained with trypan blue 0.05% (Phillips and
Hayman, 1970), and used to quantify the percentage of AM fungal
infection using the method proposed by McGonigle et al. (1990).
We assayed the AM fungal infection at 400× magnification by
scoring a minimum of 150 intersects for the presence of intra-
radical AM fungal structures.
Soil Sampling and Analyses
During the root extraction, a representative soil sample was
collected. The soil sample was sieved at 2 mm and immediately
stored at −20◦C to minimize changes in nutrients. Later, we
assayed soil mineral N (nitrate, nitrite, and ammonium) content
at the sampling stage through a colorimetric method using the
Bran+Luebbe GmbH AutoAnalyzer 3 (Norderstedt, Germany).
Briefly, 10 g soil was extracted in 100 ml of a 2 M potassium
chloride-extractable solution and shaken for 1 h at 140 rpm. The
solution was later filtered through filter paper (Whatman 42) and
used to assay N-NH4+, N-NO3−, and N-NO2− concentrations.
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Calculations and Statistical Analyses
The total root length was calculated based on the known weight of
both the subsample and the total root biomass. We calculated the
specific root length by dividing the total root length by the total
root weight, and we obtained the soil root density by dividing
the total root length by the amount of soil in the pot (grams
of soil per pot).
We obtained the N uptake by multiplying the N concentration
of the aboveground biomass with the amount of aboveground
biomass harvested in each pot. The 15N concentration was used
to determine the amount (15Nrec) and percentage (%Nrec) of
N recovered from the fertilizer, respectively, with Eqs 1 and 2
according to Hauck and Bremner (1976):
15Nrec = Nupt ×
15Nfp −15 Nnfp
15Nfert −15 Nnfp (1)
%Nrec =
15Nrec
f
× 100 (2)
where 15Nfp is the 15N atom% in the fertilized plant, 15Nnfp is
the 15N atom% in the non-fertilized plant (N0) from the same
inoculation treatment, 15Nfert is the 15N atom% in the fertilizer,
and f is the fertilizer rate (g pot−1).
A two-way factorial analysis of variance (ANOVA) was
used to determine the effects of N treatment, AM fungal
inoculation, and their interaction. The analyses were performed
with R version 3.6.0 (R Core Team, 2019). Shapiro and Bartlett
tests were used to assess the normality and homoscedasticity,
respectively, of the model residuals. When response variables did
not fulfill the ANOVA assumptions, the data were transformed
accordingly. Following the ANOVA, pairwise comparisons
using the “emmeans” package (Lenth, 2019) and confidence
intervals using the “dabestr” package (Ho et al., 2019) were
used to investigate the effects of mycorrhization within each
fertilization treatment. All p-values derived from pairwise
comparisons and confidence intervals are reported in tables
and figures, as recommended by Gardner and Altman (1986).
This method was used to avoid the problem of p-values
dichotomous cutoffs (Wasserstein and Lazar, 2016; Betensky,
2019; Wasserstein et al., 2019).
Correlations between the percentage of root colonization by
AM fungi and N applied (fertilizer N concentration× amount of
fertilizer per pot) were calculated using the inoculated treatments.
Non-transformed data are reported in tables and figures. The
“tidyverse” package (Wickham, 2017) was used to represent the
data graphically.
RESULTS
Mycorrhizal Colonization
Although AM fungal colonization was observed in the non-
inoculated treatments (–myc), the extent of the colonization was
always less than 4%, very different from the values observed
in the inoculated treatments (+myc; AM fungal inoculation
treatment p < 2e−16; Figure 1 and Table 2). The percentage of
colonization in the inoculated treatments ranged from an average
of 19.60% ± 0.72% in N-min2 to an average of 26.83% ± 1.13%
in N0 (Figure 1). The percentage of AM fungal colonization
was higher in N0 than all other treatments, although moderate
differences were observed among all other treatments. Overall
AM fungal colonization was negatively correlated with the
amount of N applied (r = –0.66, p = 0.0004).
Plant Biomass Production
Fertilization had pronounced effects on plant biomass production
in both the above- and belowground fractions (fertilization
treatment p < 2e−16 and p = 9.85e−15, respectively, for
above- and belowground biomass; Table 2 and Figures 2, 3).
Mineral N fertilization always increased biomass production
compared to the non-fertilized treatment (N0). In particular,
increases of 48 and 67% (overall means of +myc and
−myc) were observed in aboveground biomass production in
N-min1 and N-min2, respectively, compared to N0 (Figure 2).
The same trend was observed for belowground biomass
production: increases of 21 and 40% in N-min1 and N-min2,
respectively, compared to N0 (Figure 3). In contrast, different
responses were observed for the addition of the two organic
sources (N-org1 and N-org2). Increases of 34 and 10% in
above- and belowground biomass, respectively, were observed
in N-org2 compared to N0, whereas decreases of 23 and
28%, respectively, were observed in N-org1 compared to N0
(Figures 2, 3).
The interaction of AM fungal inoculation and fertilization
treatment had strong effects on aboveground biomass
(fertilization × AM fungal inoculation interaction p = 0.0213;
Table 2 and Figure 2). Strong effects of the presence of AM
fungi on aboveground biomass production were observed for
N0 and N-org1 (pairwise comparisons of +myc and –myc
for N0 and N-org1, respectively, p = 0.0373 and p = 0.0062;
Figure 2), although no noticeable difference ascribable to AM
fungal inoculation was observed in N-min1, N-min2, or N-org2
compared to the respective non-inoculated treatments (all
p values > 0.19; Figure 2). Specifically, the presence of AM
fungi led to decreases of 9.5 and 16% in aboveground biomass
production for N0 and N-org1, respectively, compared to
the same non-inoculated fertilization treatments. AM fungal
inoculation did not affect belowground biomass (AM fungal
inoculation treatment p = 0.4090; interaction between the two
main factors p = 0.5222; Table 2 and Figure 3). However, the
presence of the AM fungal inoculum increased the total root
length and soil root density (AM fungal inoculation treatment
p = 0.0119 and p = 0.0118 for total root length and soil root
density, respectively; Table 3). Also, the root-to-shoot ratio
was affected by AM fungal inoculation, however, its effects on
this parameter were dependent on the fertilization treatment
(fertilization × AM fungal inoculation interaction p = 0.0414;
Table 3). In particular, the values increased from 0.26 ± 0.013 to
0.25 ± 0.007 in the absence of the inoculum to 0.32 ± 0.015 and
0.29 ± 0.025 in the presence of AM fungi for N0 and N-org1,
respectively (p = 0.0018 and p = 0.0423 for N0 and N-org1,
respectively; Table 3). Again, no detectable difference ascribable
to AM fungal inoculation was observed in N-min1, N-min2, and
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TABLE 2 | ANOVA results for arbuscular mycorrhizal (AM) fungi root colonization, aboveground biomass dry weight, belowground biomass dry weight, nitrogen (N)
uptake, and N recovery.
Source df AM fungi colonization (%) Aboveground biomass Belowground biomass Nitrogen uptake N recovery
Fert 4 p = 0.0001 p < 2e−16 p = 9.85e−15 p < 2e−16 p < 2e−16
Myc 1 p < 2e−16 p = 0.1586 p = 0.4090 p = 0.1090 p = 5.96e−11
Fert x myc 4 p = 0.1837 p = 0.0213 p = 0.5222 p = 0.0033 p = 3.42e−12
FIGURE 1 | Arbuscular mycorrhizal (AM) fungi root colonization of durum wheat in the different fertilization treatments in the absence (–myc) or presence (+myc) of
AM fungal inoculum. Circles inside plots represent means, with whiskers representing ± SE (n = 5). The width of the plot shows the density distribution of values.
p-values for pairwise comparisons, 1 means, and estimated 95% confidence intervals (CIs) in brackets between +myc and –myc within the same fertilization
treatment are reported above the plots.
N-org2 compared to the respective non-inoculated treatments
(all p values > 0.60; Table 3).
Plant Biomass Nitrogen Concentration,
Uptake and Recovery, and Nitrogen in
Soil
Fertilization strongly affected the N concentration in
aboveground biomass (fertilization treatment p < 2e−16;
Table 3), showing the highest values in N-min2 (overall mean
of +myc and −myc = 1.19% ± 0.051%) and the lowest in
N0 (overall mean of +myc and −myc = 0.59% ± 0.013%).
We detected an interaction between AM inoculation and
fertilization treatment on N concentration (fertilization × AM
fungal inoculation interaction p = 0.0055; Table 3). AM fungal
inoculation decreased the N concentration in N0, although
increases were observed in all other fertilization treatments
(Table 3). The same trend was observed for N uptake, except in
N-org1, where no difference due to inoculation was observed.
Increases in N uptake due to the presence of AM fungi were
observed in N-org2, N-min1, and N-min2; a decrease of
16.5% (p = 0.0156) was observed in N0, and no difference
was observed in N-org1 (Figure 4). The values observed in
N-org1 in either the presence or absence of AM fungi did
not differ from those observed in N0 in the presence of AM
fungi (112.8 ± 6.42, 110.2 ± 7.31, and 103.4 ± 6.93 mg of N
acquired per pot in N-org1 –myc, N-org1 +myc, and N0 –myc,
respectively). The same trend was observed for mineral N
residual in soil (N-NH4+, N-NO3−, and N-NO2−) assayed at
the end of the experiment (Table 3). In detail, the total mineral
N in soil was 2.01 ± 0.03 and 2.02 ± 0.03 mg per kg of soil
in N-org1 –myc and + myc, respectively, and 2.02 ± 0.08 in
N0 in the presence of AM fungi. It is interesting that, for this
parameter, N0 had a lower mineral N in soil in the presence of
AM fungi, although plant N uptake was higher in the absence
of the inoculum. A marked reduction in mineral N residual
in soil ascribable to AM fungal inoculation was also observed
in N-org2; no notable differences were found in N-min1 and
N-min2, although lower average values were observed in both of
these treatments (Table 3).
The percentage of plant biomass N derived from the
fertilizer (%Nrec) was strongly affected by the interaction between
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FIGURE 2 | Aboveground biomass dry weight of durum wheat in the different fertilization treatments in the absence (–myc) or presence (+myc) of arbuscular
mycorrhizal (AM) fungal inoculum. Circles inside plots represent means, with whiskers representing ± SE (n = 5). The width of the plot shows the density distribution
of values. p-values for pairwise comparisons, 1 means, and estimated 95% confidence intervals (CIs) in brackets between +myc and –myc within the same
fertilization treatment are reported above the plots.
FIGURE 3 | Belowground biomass dry weight of durum wheat in the different fertilization treatments in the absence (–myc) or presence (+ myc) of arbuscular
mycorrhizal (AM) fungal inoculum. Circles inside plots represent means, with whiskers representing ± SE (n = 5). The width of the plot shows the density distribution
of values. p-values for pairwise comparisons, 1 means, and estimated 95% confidence intervals (CIs) in brackets between +myc and –myc within the same
fertilization treatment are reported above the plots.
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TABLE 3 | Total root length, soil root density (SRD), specific root length (SRL), root-to-shoot ratio (R:S), aboveground biomass N concentration, and total mineral N residual in soil in the different fertilization treatments in
the absence (–myc) or presence (+ myc) of arbuscular mycorrhizal (AM) fungal inoculum.
Root length SRD SRL Nitrogen Soil mineral N
(m) (cm g−1) (m g−1) R:S concentration (%) (mg kg−1)
N0 -myc 730 (±23)p=0.0203 9.74 (±0.31)p=0.0204 138.3 (±2.95)p=0.5978 0.26 (±0.014)p=0.0018 0.63 (±0.01)p=0.0861 2.61 (±0.10)p<0.0001
+myc 844 (±23) 11.26 (±0.30) 142.5 (±5.91) 0.32 (±0.016) 0.55 (±0.01) 2.02 (±0.08)
1 means and estimate 95% CIs 114.0 (68.6; 184.0) 1.52 (0.91; 2.45) 4.16 (−6.67; 15.90) 0.06 (0.03; 0.10) −0.08 (−0.10; −0.06) −0.59 (−0.81; −0.35)
N-org1 -myc 570 (±33)p=0.9974 7.61 (±0.43)p=0.9966 138.2 (±4.05)p=0.5504 0.25 (±0.007)p=0.0423 0.68 (±0.01)p=0.0321 2.01 (±0.03)p=0.8846
+myc 568 (±26) 7.58 (±0.34) 143.0 (±6.03) 0.29 (±0.025) 0.79 (±0.01) 2.02 (±0.03)
1 means and estimate 95% CIs −1.6 (−72.9; 72.7) −0.02 (−0.97; 0.97) 4.85 (−10.20; 15.60) 0.04 (0.00; 0.10) 0.11 (0.08; 0.14) 0.01 (−0.08; 0.08)
N-org2 -myc 939 (±5)p=0.3815 12.52 (±0.70)p=0.3825 154.7 (±2.79)p=0.7086 0.23 (±0.008)p=0.6019 0.74 (±0.02)p=0.0066 2.73 (±0.04)p=0.0002
+myc 992 (± 29) 13.22 (±0.38) 157.3 (±5.71) 0.24 (±0.007) 0.89 (±0.04) 2.27 (±0.07)
1 means and estimate 95% CIs 53.1 (−14.9; 93.6) 0.71 (−0.20; 1.25) 2.57 (−6.23; 16.90) 0.01 (−0.01; 0.03) 0.15 (0.08; 0.25) −0.46 (−0.57; −0.28)
N-min1 -myc 957 (±58)p=0.1561 12.76 (±0.78)p=0.1552 142.1 (±10.64)p=0.3164 0.24 (±0.012)p=0.7540 0.76 (±0.05)p=0.0009 2.15 (±0.09)p=0.0984
+myc 1,042 (± 54) 13.90 (±0.72) 151.4 (±6.48) 0.23 (±0.013) 0.95 (±0.04) 1.99 (±0.05)
1 means and estimate 95% CIs 84.9 (−53.8; 219.0) 1.13 (−0.71; 2.92) 9.26 (−8.70; 35.30) −0.01 (−0.04; 0.02) 0.19 (0.07; 0.30) −0.16 (−0.35; 0.01)
N-min2 -myc 1,157 (±32)p=0.2511 15.42 (±0.42)p=0.2519 144.9 (±4.21)p=0.0576 0.24 (±0.010)p=0.6019 1.13 (±0.08)p=0.0497 2.41 (±0.08)p=0.3922
+myc 1,243 (±53) 16.58 (±0.70) 160.2 (±5.11) 0.23 (±0.012) 1.26 (±0.06) 2.32 (±0.09)
1 means and estimate 95% CIs 86.5 (−6.8; 209.0) 1.15 (−0.09; 2.79) 15.3 (4.53; 28.10) −0.01 (−0.03; 0.01) 0.13 (−0.05; 0.30) −0.09 (−0.29; 0.11)
Source df
Fert 4 p < 2e−16 p < 2e−16 p = 0.0309 p = 0.0004 p < 2e−16 p = 1.03e−07
Myc 1 p = 0.0119 p = 0.0118 p = 0.0522 p = 0.0269 p = 0.0001 p = 3.32e−06
Fert × myc 4 p = 0.5457 p = 0.5493 p = 0.8006 p = 0.0414 p = 0.0055 p = 0.0009
Data are means (n = 5), with 1 SE in parentheses. p-values for pairwise comparisons within the same fertilization treatment are reported as superscripts. 1 means and estimated 95% confidence intervals (CIs) in
brackets between +myc and −myc are reported below each fertilization treatment. ANOVA results and p-values for the main factors and their interactions are reported below each response variable.
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FIGURE 4 | N uptake of durum wheat in the different fertilization treatments in the absence (–myc) or presence (+myc) of arbuscular mycorrhizal (AM) fungal
inoculum. Circles inside plots represent means, with whiskers representing ± SE (n = 5). The width of the plot shows the density distribution of values. p-values for
pairwise comparisons, 1 means, and estimated 95% confidence intervals (CIs) in brackets between +myc and –myc within the same fertilization treatment are
reported above the plots.
FIGURE 5 | Percentage of N recovery of durum wheat in the different fertilization treatments in the absence (–myc) or presence (+myc) of arbuscular mycorrhizal
(AM) fungal inoculum. Circles inside plots represent means, with whiskers representing ± SE (n = 5). The width of the plot shows the density distribution of values.
p-values for pairwise comparisons, 1 means, and estimated 95% confidence intervals (CIs) in brackets between +myc and –myc within the same fertilization
treatment are reported above the plots.
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fertilization treatment and AM fungal inoculation (p ≤ 0.001;
Table 2 and Figure 5). In particular, a marked increase in N
recovery ascribable to the presence of AM fungi was observed in
N-org2, N-min1, and N-min2 (Figure 5). By contrast, in N-org1,
AM fungal inoculation decreased the percentage of N derived
from the organic source from an average of 8.45% to an average
of 2.99% (Figure 5).
DISCUSSION
In the present experiment, the degree of mycorrhization varied
with respect to the availability of N in the substrate, having the
highest observed values in N0 and the lowest ones in N-min2.
This is in agreement with the findings of Ercoli et al. (2017) for
durum wheat under field conditions and the results of Gamper
et al. (2004) and Staddon et al. (2004), who found a reduction
in mycorrhizal root colonization in plants grown in nutrient-rich
soils. In nutrient-rich conditions, the plant is better able to satisfy
its nutritional needs without having to transfer photosynthates
to the mycorrhizae, whereas in N-deficient conditions, the plant
is stimulated to develop a symbiotic relationship to increase
its chances of intercepting more nutrients. However, in this
experiment, despite the fact that in the N-org1 treatment, N
availability was extremely low for plants, we found that the
percentage of mycorrhization in N-org1 was lower compared
to the treatment N0. This could be connected to the poor
development of the root system in N-org1 compared to the non-
fertilized treatment or to the different timing in soil N availability
between the two treatments (as discussed later). Further research
should be conducted to elaborate on this aspect.
In the present research, the increase in the percentage of
mycorrhization was not associated with a corresponding benefit
in terms of plant growth and N uptake. In fact, in the absence
of fertilization (N0), mycorrhization resulted in reduced plant
growth, N concentration, and uptake, which shows how AM
fungi strongly compete for the little available N, whereas
small benefits were sometimes observed when N fertilizer was
applied. In fact, when N was not a limiting factor, mycorrhizal
colonization resulted in an increase in N concentration in plant
tissue and overall N uptake. Indeed, contrasting results for the
relationship between AM fungal root colonization and its effects
on plant performance have been reported (e.g., van der Heijden
et al., 2006; Büscher et al., 2012; Corrêa et al., 2014; Fellbaum
et al., 2014). However, in our experiment, mycorrhization led to
a more efficient acquisition of soil N regardless of plant growth,
leaving less residual N in the soil. In particular, it is interesting
that N0 had a lower mineral residual N in the soil in the presence
of AM fungi, although plant N uptake was higher in the absence
of the inoculum. This suggests that AM fungi have efficiently used
the limited amount of soil N for their own growth. This behavior
has been previously reported, as AM fungi growing in N-limiting
conditions regulate the expression of ammonium transporters,
which acquire N from the soil retaining the N for their own
metabolism (Guether et al., 2009b; Pérez-Tienda et al., 2011).
The use of organic matter with a high C:N ratio (N-org1)
had clear detrimental effects on biomass production; in this
treatment, mycorrhization amplified these effects and reduced N
recovery from organic matter, however, mycorrhization increased
the N concentration so that it did not influence overall N uptake.
These results partially contrast with the findings of Saia et al.
(2014) who observed that the presence of AM fungi in organic
matter amended soil increased plant growth and N uptake, while
markedly reducing N recovery from organic matter compared
to an uninoculated control. In their experiment, however, the
availability of mineral N in the substrate and the amount of
organic matter added were clearly higher than in our experiment.
To understand our results, one should remember that the decay
of organic matter with a high C:N ratio is characterized by two
phases: N net immobilization followed by N net mineralization
(Tian et al., 1992; Quemada and Cabrera, 1995). Initial conditions
of N deficiency, realized immediately after the application of
organic matter, could have increased the competition between the
plant and AM fungi, strongly inhibiting the plant’s early growth.
In fact, AM fungi have a high N demand for their metabolism
(Hodge and Fitter, 2010) and when soil N is deficient can compete
with the host plant for the available N (Püschel et al., 2016;
Treseder and Allen, 2002), which affects biomass production. The
increased N was subsequently used by the plant (also transferred
by AM fungi to the plant) to increase the concentration of the
element in tissue without increasing plant growth. However, at
the same time, our results support the notion that, in N-org1,
the two symbionts could have taken up N from different soil
N pools. In fact, AM fungi can influence the mineralization
process and use the nutrients derived from it through their direct
interaction with soil microorganisms involved in the soil N cycle
(Veresoglou et al., 2012; Hodge and Storer, 2015; Bukovská et al.,
2018). Although AM fungi are unable to mobilize organically
bound nutrients (Bunn et al., 2019), they can stimulate microbial
decomposition through the release of labile C compounds in their
hyphosphere, increasing the decomposition of organic residues
(Talbot et al., 2008; Paterson et al., 2016). AM fungi could
have more efficiently used the N from the organic matter as
an N source, leaving the original substrate N supply for the
plant. Indeed, mycorrhization did not affect the overall plant N
uptake in N-org1, although it strongly decreased N recovery from
the organic matter.
In N-org2, AM fungi increased all plant N-related parameters
(N concentration, N uptake, and N recovery) without affecting
plant biomass production. The difference observed between the
two organic treatments could be ascribed to the lower C:N ratio
of the organic patch in N-org2 compared to N-org1 (16.2 vs. 49.7
C:N ratio in N-org2 and N-org1, respectively). In fact, contrary to
what was described in N-org1, the mineralization of an organic
patch with a relatively low C:N ratio (as in N-org2) can reduce
the competition between the plant and soil microorganisms,
releasing a substantial amount of N to sustain the growth of
both plant and fungi (Hodge et al., 2000). However, in N-org2,
mycorrhization increased N recovery, consistent with other pot
experiments in which AM fungi transferred a substantial amount
of N derived from an organic patch to the host plant without
affecting plant biomass (Hodge et al., 2001; Herman et al., 2012).
However, here it is important to highlight the fact that the
absolute amount of N supplied was higher in N-org2 than in
N-org1 (118.3 vs. 362.7 mg N per pot in N-org1 and N-org2,
respectively). This could also have affected the total amount of
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N available in the soil and therefore the competition between the
plant and soil organisms, including AM fungi.
In the N mineral fertilization treatment, AM inoculation
resulted in no increase in biomass (either above- or belowground)
despite an increase in N-related parameters in plant tissue.
Reynolds et al. (2005) hypothesized that the AM fungal C drain
imposed on the plant prevents the increased plant growth that
is usually observed when more N is available. As observed by
Bago et al. (2000), the amount of carbohydrates transferred to the
symbiont fungi can be up to 20% of total plant C assimilation.
However, the higher N concentration in the biomass, although
it does not influence biomass production, could influence the
yield quality of the grain at maturity, which highlights the
potential impact of soil microbiota on food quality (Rillig et al.,
2018). In fact, in wheat plants, the amount of N in the grain is
directly related to the amount of N accumulated in the biomass
at anthesis and remobilized (Hirel et al., 2007). Moreover, the
increment in aboveground biomass N concentration could affect
the plant’s photosynthetic capacity since RuBisCO (ribulose-1,5-
bisphosphate carboxylase/oxygenase), the primary CO2-fixing
enzyme in C3 plants, accounts for as much as 75% of leaf
N (Chapin et al., 1987) with positive consequences on plant
performance and climate change mitigation.
Arbuscular mycorrhizal fungal inoculation increased the root-
to-shoot ratio in N0 and N-org1 only. This increase was due
to the detrimental effects observed in aboveground biomass
rather than the positive effects on growth in belowground
biomass. It is possible that AM fungi in N0 and N-org1
altered the C allocation within the plant tissue, increasing the
amount of C transferred to the root system and potentially to
themselves. Indeed, results from an experiment using 14C showed
that AM fungi can have strong C-sink effects modulating C
allocation among plant tissue in a symbiosis involving barley
and Glomus mosseae (now Funneliformis mosseae; Lerat et al.,
2003). In the other treatments (N-min1, N-min2, and Norg-2),
the higher aboveground biomass compared to N0 and N-org1
presumably allowed for sufficient photosynthate to satisfy the
fungal requirements and those for plant growth, thereby reducing
the C partitioning effect.
Our results suggest that mycorrhization can (indirectly)
influence the mineralization of organic matter and that the
magnitude of this effect varies by type of organic matter. In fact,
when the organic matter had a low C:N ratio, the presence of
AM fungi favored mineralization processes and, consequently,
plant N uptake; in contrast, when the organic matter had a
high C:N ratio, we observed a clear reduction in N recovery
from organic matter, which suggests that, under N-limiting
conditions, the presence of AM fungi can have pronounced
effects on competition for different N sources among plants,
microorganisms, and AM fungi themselves. The increase in N
recovery from the substrate ascribed to the presence of AM
fungi (except in N-org1) would certainly have positive agro-
environmental implications, as it would reduce the risk for N
leaching. The opposite effect observed in N-org1 is of little
concern, as here, N is immobilized in organic matter with a high
C:N ratio and/or in the AM fungal biomass, and hence there is
comparatively little risk of it being released into the soil.
In conclusion, our results reveal that the effects of AM fungi
on plant performance are driven by the nature and availability
of N in soil and that, even when mycorrhization does not
affect plant biomass production, AM fungi can influence the
quality of agricultural products by increasing the uptake of
N. At the same time, our research shows an active role of
mycorrhizae in favoring N recovery from the substrate, which
will surely increase the sustainability of the agroecosystem by
reducing the risk for N loss. The present study contributes
to knowledge on the effects of AM fungi in N uptake and
recovery, which is required to make the best use of mycorrhizal
technology to help achieve sustainable intensification (Rillig et al.,
2016). Finally, considering that different AM fungal taxa have
different functional responses to soil N availability (Treseder
et al., 2018) and that, in the present experiment, we used a mix
of two AM fungi species both belonging to the Glomeraceae
family, further research is needed to increase knowledge about
the functionality of the complex mycorrhizal community living
in agroecosystems.
DATA AVAILABILITY STATEMENT
The datasets generated for this study are available on request to
the corresponding author.
AUTHOR CONTRIBUTIONS
RI, DG, GA, and AF conceptualized and elaborated the data. DG,
GA, and AF acquired the funds to conduct the experiment. RI
carried out the formal analysis and wrote the first draft of the
manuscript. DG, GA, AF, MS-H, and MR collaborated on the
ideas and contributed critically to the drafts. All authors gave
the final approval for publication.
FUNDING
This study was funded by MIUR (Italian Ministry of Education,
University and Research) to Università degli Studi di
Palermo (Palermo, Italy) in the framework of the Project
“Technological development and innovation for sustainability
and competitiveness of the cereal sector in southern Italy
(PON01_01145 ISCOCEM)”.
ACKNOWLEDGMENTS
Authors thanks the A. & S. Lima Mancuso Foundation and the
University of Palermo for the availability of structures, workers,
and technicians who helped carry out the experiment.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2020.00760/
full#supplementary-material
Frontiers in Plant Science | www.frontiersin.org 10 June 2020 | Volume 11 | Article 760
fpls-11-00760 June 18, 2020 Time: 17:14 # 11
Ingraffia et al. Soil N Drives Mycorrhizal Response
REFERENCES
Asghari, H. R., and Cavagnaro, T. R. (2012). Arbuscular mycorrhizas reduce
nitrogen loss via leaching. PLoS One 7:e29825. doi: 10.1371/journal.pone.
0029825
Bago, B., Pfeffer, P. E., and Shachar-Hill, Y. (2000). Carbon metabolism and
transport in Arbuscular mycorrhizas. Plant Physiol. 124, 949–958. doi: 10.1104/
pp.124.3.949
Bender, S. F., Plantenga, F., Neftel, A., Jocher, M., Oberholzer, H. R., Köhl, L., et al.
(2014). Symbiotic relationships between soil fungi and plants reduce N 2 O
emissions from soil. ISME J. 8:1336. doi: 10.1038/ismej.2013.224
Betensky, R. A. (2019). The p-value requires context, not a threshold. Am. Statist.
73, 115–117. doi: 10.1080/00031305.2018.1529624
Blankenau, K., Olfs, H. W., and Kuhlmann, H. (2002). Strategies to improve the use
efficiency of mineral fertilizer nitrogen applied to winter wheat. J. Agron. Crop
Sci. 188, 146–154. doi: 10.1046/j.1439-037x.2002.00548.x
Bukovská, P., Bonkowski, M., Konvalinková, T., Beskid, O., Hujslová, M., Püschel,
D., et al. (2018). Utilization of organic nitrogen by arbuscular mycorrhizal
fungi—is there a specific role for protists and ammonia oxidizers? Mycorrhiza
28, 269–283. doi: 10.1007/s00572-018-0825-0
Bunn, R. A., Simpson, D. T., Bullington, L. S., Lekberg, Y., and Janos, D. P. (2019).
Revisiting the ‘direct mineral cycling’hypothesis: arbuscular mycorrhizal fungi
colonize leaf litter, but why? ISME J. 13, 1891–1898. doi: 10.1038/s41396-019-
0403-2
Büscher, M., Zavalloni, C., de Boulois, H. D., Vicca, S., Van den Berge,
J., Declerck, S., et al. (2012). Effects of arbuscular mycorrhizal fungi on
grassland productivity are altered by future climate and below-ground resource
availability. Environ. Exp. Bot. 81, 62–71. doi: 10.1016/j.envexpbot.2012.03.003
Cavagnaro, T. R., Bender, S. F., Asghari, H. R., and van der Heijden, M. G. (2015).
The role of Arbuscular mycorrhizas in reducing soil nutrient loss. Trends Plant
Sci. 20, 283–290. doi: 10.1016/j.tplants.2015.03.004
Chapin, F. S., Bloom, A. J., Field, C. B., and Waring, R. H. (1987). Plant
responses to multiple environmental factors: physiological ecology provides
tools for studying how interacting environmental resources control plant
growth. Bioscience 37, 49–57. doi: 10.2307/1310177
Corrêa, A., Cruz, C., and Ferrol, N. (2015). Nitrogen and carbon/nitrogen
dynamics in arbuscular mycorrhiza: the great unknown. Mycorrhiza 25, 499–
515. doi: 10.1007/s00572-015-0627-6
Corrêa, A., Cruz, C., Pérez-Tienda, J., and Ferrol, N. (2014). Shedding light onto
nutrient responses of arbuscular mycorrhizal plants: nutrient interactions may
lead to unpredicted outcomes of the symbiosis. Plant Sci. 221, 29–41. doi:
10.1016/j.plantsci.2014.01.009
Dobriyal, P., Qureshi, A., Badola, R., and Hussain, S. A. (2012). A review of the
methods available for estimating soil moisture and its implications for water
resource management. J. Hydrol. 458, 110–117. doi: 10.1016/j.jhydrol.2012.
06.021
Drinkwater, L. E., Wagoner, P., and Sarrantonio, M. (1998). Legume-based
cropping systems have reduced carbon and nitrogen losses. Nature 396:262.
doi: 10.1038/24376
Ercoli, L., Schuler, A., Arduini, I., and Pellegrino, E. (2017). Strong increase
of durum wheat iron and zinc content by field-inoculation with arbuscular
mycorrhizal fungi at different soil nitrogen availabilities. Plant Soil 419, 153–
167. doi: 10.1007/s11104-017-3319-5
Fellbaum, C. R., Mensah, J. A., Cloos, A. J., Strahan, G. E., Pfeffer, P. E., Kiers, E. T.,
et al. (2014). Fungal nutrient allocation in common mycorrhizal networks is
regulated by the carbon source strength of individual host plants. New Phytol.
203, 646–656. doi: 10.1111/nph.12827
Foulkes, M. J., Sylvester-Bradley, R., and Scott, R. K. (1998). Evidence for
differences between winter wheat cultivars in acquisition of soil mineral
nitrogen and uptake and utilization of applied fertilizer nitrogen. J. Agric. Sci.
130, 29–44. doi: 10.1017/s0021859697005029
Gamper, H., Peter, M., Jansa, J., Lüscher, A., Hartwig, U. A., and Leuchtmann,
A. (2004). Arbuscular mycorrhizal fungi benefit from 7 years of free air CO2
enrichment in well-fertilized grass and legume monocultures. Glob. Change
Biol. 10, 189–199. doi: 10.1111/j.1529-8817.2003.00734.x
Gao, Y., Li, Y., Zhang, J., Liu, W., Dang, Z., Cao, W., et al. (2009).
Effects of mulch, N fertilizer, and plant density on wheat yield, wheat
nitrogen uptake, and residual soil nitrate in a dryland area of China.
Nutrient Cycl. Agroecosyst. 85, 109–121. doi: 10.1007/s10705-009-
9252-0
Gardner, M. J., and Altman, D. G. (1986). Confidence intervals rather than P
values: estimation rather than hypothesis testing. Br. Med. J. 292, 746–750.
doi: 10.1136/bmj.292.6522.746
Giambalvo, D., Amato, G., Badagliacca, G., Ingraffia, R., Di Miceli, G., Frenda, A. S.,
et al. (2018). Switching from conventional tillage to no-tillage: soil N availability,
N uptake, 15N fertilizer recovery, and grain yield of durum wheat. Field Crops
Res. 218, 171–181. doi: 10.1016/j.fcr.2018.01.018
Giambalvo, D., Ruisi, P., Saia, S., Di Miceli, G., Frenda, A. S., and Amato, G. (2012).
Faba bean grain yield, N 2 fixation, and weed infestation in a long-term tillage
experiment under rainfed Mediterranean conditions. Plant Soil 360, 215–227.
doi: 10.1007/s11104-012-1224-5
Guether, M., Balestrini, R., Hannah, M., He, J., Udvardi, M. K., and Bonfante,
P. (2009a). Genome-wide reprogramming of regulatory networks, transport,
cell wall and membrane biogenesis during arbuscular mycorrhizal symbiosis
in Lotus japonicus. New Phytol. 182, 200–212. doi: 10.1111/j.1469-8137.2008.
02725.x
Guether, M., Neuhäuser, B., Balestrini, R., Dynowski, M., Ludewig, U., and
Bonfante, P. (2009b). A mycorrhizal-specific ammonium transporter from
Lotus japonicus acquires nitrogen released by arbuscular mycorrhizal fungi.
Plant Physiol. 150, 73–83. doi: 10.1104/pp.109.136390
Hauck, R. D., and Bremner, J. M. (1976). Use of tracers for soil and fertilizer
nitrogen research. Adv. Agron. 28, 219–266. doi: 10.1016/s0065-2113(08)
60556-8
Hawkins, H. J., Johansen, A., and George, E. (2000). Uptake and transport of
organic and inorganic nitrogen by arbuscular mycorrhizal fungi. Plant Soil 226,
275–285.
Herman, D. J., Firestone, M. K., Nuccio, E., and Hodge, A. (2012). Interactions
between an arbuscular mycorrhizal fungus and a soil microbial community
mediating litter decomposition. FEMS Microbiol. Ecol. 80, 236–247. doi: 10.
1111/j.1574-6941.2011.01292.x
Higo, M., Isobe, K., Yamaguchi, M., Drijber, R. A., Jeske, E. S., and Ishii, R. (2013).
Diversity and vertical distribution of indigenous arbuscular mycorrhizal fungi
under two soybean rotational systems. Biol. Fertil. Soils 49, 1085–1096. doi:
10.1007/s00374-013-0807-5
Hirel, B., Le Gouis, J., Ney, B., and Gallais, A. (2007). The challenge of improving
nitrogen use efficiency in crop plants: towards a more central role for genetic
variability and quantitative genetics within integrated approaches. J. Exp. Bot.
58, 2369–2387. doi: 10.1093/jxb/erm097
Ho, J., Tumkaya, T., Aryal, S., Choi, H., and Claridge-Chang, A. (2019). Moving
beyond P values: Everyday data analysis with estimation plots. Science 6,
565–566. doi: 10.1038/s41592-019-0470-3
Hodge, A., Campbell, C. D., and Fitter, A. H. (2001). An arbuscular mycorrhizal
fungus accelerates decomposition and acquires nitrogen directly from organic
material. Nature 413:297. doi: 10.1038/35095041
Hodge, A., and Fitter, A. H. (2010). Substantial nitrogen acquisition by arbuscular
mycorrhizal fungi from organic material has implications for N cycling. Proc.
Natl. Acad. Sci. U.S.A. 107, 13754–13759. doi: 10.1073/pnas.1005874107
Hodge, A., and Storer, K. (2015). Arbuscular mycorrhiza and nitrogen:
implications for individual plants through to ecosystems. Plant Soil 386, 1–19.
doi: 10.1007/s11104-014-2162-1
Hodge, A., Robinson, D., and Fitter, A. (2000). Are microorganisms more effective
than plants at competing for nitrogen? Trends in plant sc. 5, 304–308. doi:
10.1016/S1360-1385(00)01656-3
IPCC (2001). Climate Change 2001: Impacts, Adaptation, And Vulnerability:
Contribution Of Working Group II to the Third Assessment Report Of The
Intergovernmental Panel on Climate Change, Climate Change 2001. Geneva:
IPCC.
Johansen, A., Jakobsen, I., and Jensen, E. S. (1994). Hyphal N transport
by a vesicular-arbuscular mycorrhizal fungus associated with cucumber
grown at three nitrogen levels. Plant Soil 160, 1–9. doi: 10.1007/bf0015
0340
Köhl, L., and van der Heijden, M. G. (2016). Arbuscular mycorrhizal fungal species
differ in their effect on nutrient leaching. Soil Biol. Biochem. 94, 191–199.
doi: 10.1016/j.soilbio.2015.11.019
Leifheit, E. F., Veresoglou, S. D., Lehmann, A., Morris, E. K., and Rillig, M. C.
(2014). Multiple factors influence the role of arbuscular mycorrhizal fungi
Frontiers in Plant Science | www.frontiersin.org 11 June 2020 | Volume 11 | Article 760
fpls-11-00760 June 18, 2020 Time: 17:14 # 12
Ingraffia et al. Soil N Drives Mycorrhizal Response
in soil aggregation—a meta-analysis. Plant Soil 374, 523–537. doi: 10.1007/
s11104-013-1899-2
Lenth, R. (2019). Emmeans: Estimated Marginal Means, aka Least-Squares Means.
R Package Version 1.3.5. Available online at: https://CRAN.R-project.org/
package=emmeans. (accessed November 25, 2019).
Lerat, S., Lapointe, L., Piché, Y., and Vierheilig, H. (2003). Variable carbon-sink
strength of different Glomus mosseae strains colonizing barley roots. Can. J.
Bot. 81, 886–889. doi: 10.1139/b03-070
Limaux, F., Recous, S., Meynard, J. M., and Guckert, A. (1999). Relationship
between rate of crop growth at date of fertiliser N application and fate of
fertiliser N applied to winter wheat. Plant Soil 214, 49–59.
McGonigle, T. P., Miller, M. H., Evans, D. G., Fairchild, G. L., and Swan, J. A.
(1990). A new method which gives an objective measure of colonization of
roots by vesicular—arbuscular mycorrhizal fungi. New Phytol. 115, 495–501.
doi: 10.1111/j.1469-8137.1990.tb00476.x
Paterson, E., Sim, A., Davidson, J., and Daniell, T. J. (2016). Arbuscular mycorrhizal
hyphae promote priming of native soil organic matter mineralisation. Plant Soil
408, 243–254. doi: 10.1007/s11104-016-2928-8
Pérez-Tienda, J., Testillano, P. S., Balestrini, R., Fiorilli, V., Azcón-Aguilar, C., and
Ferrol, N. (2011). GintAMT2, a new member of the ammonium transporter
family in the arbuscular mycorrhizal fungus Glomus intraradices. Fungal Genet.
Biol. 48, 1044–1055. doi: 10.1016/j.fgb.2011.08.003
Phillips, J. M., and Hayman, D. S. (1970). Improved procedures for clearing roots
and staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid
assessment of infection. Trans. Br. Mycol. Soc. 55:158. doi: 10.1016/s0007-
1536(70)80110-3
Püschel, D., Janoušková, M., Hujslová, M., Slavíková, R., Gryndlerová, H., and
Jansa, J. (2016). Plant–fungus competition for nitrogen erases mycorrhizal
growth benefits of Andropogon gerardii under limited nitrogen supply. Ecol.
Evol. 6, 4332–4346. doi: 10.1002/ece3.2207
Quemada, M., and Cabrera, M. L. (1995). Carbon and nitrogen mineralized from
leaves and stems of four cover crops. Soil Sci. Soc. Am. J. 59, 471–477. doi:
10.2136/sssaj1995.03615995005900020029x
R Core Team (2019). R: A Language And Environment For Statistical Computing. R
Foundation for Statistical Computing. Vienna: R Core Team.
Raun, W. R., and Johnson, G. V. (1999). Improving nitrogen use efficiency
for cereal production. Agron. J. 91, 357–363. doi: 10.2134/agronj1999.
00021962009100030001x
Reynolds, H. L., Hartley, A. E., Vogelsang, K. M., Bever, J. D., and Schultz, P. A.
(2005). Arbuscular mycorrhizal fungi do not enhance nitrogen acquisition and
growth of old- field perennials under low nitrogen supply in glasshouse culture.
New Phytol. 167, 869–880. doi: 10.1111/j.1469-8137.2005.01455.x
Rillig, M. C., Lehmann, A., Lehmann, J., Camenzind, T., and Rauh, C. (2018).
Soil biodiversity effects from field to fork. Trends Plant Sci. 23, 17–24. doi:
10.1016/j.tplants.2017.10.003
Rillig, M. C., Sosa-Hernández, M. A., Roy, J., Aguilar-Trigueros, C. A., Vályi,
K., and Lehmann, A. (2016). Towards an integrated mycorrhizal technology:
harnessing mycorrhiza for sustainable intensification in agriculture. Front.
Plant Sci. 7:1625. doi: 10.3389/fpls.2016.01625
Ruisi, P., Frangipane, B., Amato, G., Frenda, A. S., Plaia, A., Giambalvo, D., et al.
(2015). Nitrogen uptake and nitrogen fertilizer recovery in old and modern
wheat genotypes grown in the presence or absence of interspecific competition.
Front. Plant Sci. 6:185. doi: 10.3389/fpls.2016.0185
Ruisi, P., Saia, S., Badagliacca, G., Amato, G., Frenda, A. S., Giambalvo, D., et al.
(2016). Long-term effects of no tillage treatment on soil N availability, N uptake,
and 15N-fertilizer recovery of durum wheat differ in relation to crop sequence.
Field Crops Res. 189, 51–58. doi: 10.1016/j.fcr.2016.02.009
Saia, S., Benítez, E., García-Garrido, J. M., Settanni, L., Amato, G., and Giambalvo,
D. (2014). The effect of arbuscular mycorrhizal fungi on total plant nitrogen
uptake and nitrogen recovery from soil organic material. J. Agric. Sci. 152,
370–378. doi: 10.1017/s002185961300004x
Saia, S., Rappa, V., Ruisi, P., Abenavoli, M. R., Sunseri, F., Giambalvo, D., et al.
(2015). Soil inoculation with symbiotic microorganisms promotes plant growth
and nutrient transporter genes expression in durum wheat. Front. Plant Sci.
6:815. doi: 10.3389/fpls.2016.0815
Smith, S. E., and Smith, F. A. (2011). Roles of Arbuscular mycorrhizas in plant
nutrition and growth: new paradigms from cellular to ecosystem scales. Annu.
Rev. Plant Biol. 62, 227–250. doi: 10.1146/annurev-arplant-042110-103846
Sosa-Hernández, M. A., Leifheit, E. F., Ingraffia, R., and Rillig, M. C. (2019). Subsoil
arbuscular mycorrhizal fungi for sustainability and climate-smart agriculture: a
solution right under our feet? Front. Microbiol. 10:744. doi: 10.3389/fmicb.2019.
00744
Staddon, P. L., Jakobsen, I., and Blum, H. (2004). Nitrogen input mediates the effect
of free-air CO2 enrichment on mycorrhizal fungal abundance. Glob. Change
Biol. 10, 1678–1688. doi: 10.1111/j.1365-2486.2004.00853.x
Storer, K., Coggan, A., Ineson, P., and Hodge, A. (2018). Arbuscular mycorrhizal
fungi reduce nitrous oxide emissions from N2O hotspots. New Phytol. 220,
1285–1295. doi: 10.1111/nph.14931
Talbot, J. M., Allison, S. D., and Treseder, K. K. (2008). Decomposers in disguise:
mycorrhizal fungi as regulators of soil C dynamics in ecosystems under global
change. Funct. Ecol. 22, 955–963. doi: 10.1111/j.1365-2435.2008.01402.x
Tennant, D. (1975). A test of a modified line intersect method of estimating root
length. J. Ecol. 63, 995–1001.
Thirkell, T. J., Cameron, D. D., and Hodge, A. (2016). Resolving the ‘nitrogen
paradox’of Arbuscular mycorrhizas: fertilization with organic matter brings
considerable benefits for plant nutrition and growth. Plant Cell Environ. 39,
1683–1690. doi: 10.1111/pce.12667
Tian, G., Kang, B. T., and Brussaard, L. (1992). Biological effects of plant residues
with contrasting chemical compositions under humid tropical conditions
decomposition and nutrient release. Soil Biol. Biochem. 24, 1051–1060. doi:
10.1016/0038-0717(92)90035-v
Treseder, K. K., Allen, E. B., Egerton-Warburton, L. M., Hart, M. M., Klironomos,
J. N., Maherali, H., et al. (2018). Arbuscular mycorrhizal fungi as mediators
of ecosystem responses to nitrogen deposition: A trait-based predictive
framework. J. Ecol. 106, 480–489. doi: 10.1111/1365-2745.12919
Treseder, K. K., and Allen, M. F. (2002). Direct nitrogen and phosphorus limitation
of arbuscular mycorrhizal fungi: a model and field test. New Phytol. 155,
507–515. doi: 10.1046/j.1469-8137.2002.00470.x
van der Heijden, M. G., Streitwolf-Engel, R., Riedl, R., Siegrist, S., Neudecker, A.,
Ineichen, K., et al. (2006). The mycorrhizal contribution to plant productivity,
plant nutrition and soil structure in experimental grassland. New Phytol. 172,
739–752. doi: 10.1111/j.1469-8137.2006.01862.x
Veresoglou, S. D., Chen, B., and Rillig, M. C. (2012). Arbuscular mycorrhiza and
soil nitrogen cycling. Soil Biol. Biochem. 46, 53–62. doi: 10.1016/j.soilbio.2011.
11.018
Wang, X. X., Wang, X., Sun, Y., Cheng, Y., Liu, S., Chen, X., et al. (2018).
Arbuscular mycorrhizal fungi negatively affect nitrogen acquisition and grain
yield of maize in a N deficient soil. Front. Microbiol. 9:418. doi: 10.3389/fpls.
2016.0418
Wasserstein, R. L., and Lazar, N. A. (2016). The ASA’s statement on p-values:
context, process, and purpose. Am. Statist. 70, 129–133. doi: 10.1080/00031305.
2016.1154108
Wasserstein, R. L., Schirm, A. L., and Lazar, N. A. (2019). Moving to a world beyond
“p< 0.05”. Am. Statist. 73, 1–19.
Wickham, H. (2017). Tidyverse: Easily Install and Load the ‘Tidyverse’. R Package
Version.
Zhang, X., Wang, L., Ma, F., and Shan, D. (2015). Effects of arbuscular mycorrhizal
fungi on N 2 O emissions from rice paddies. Water Air Soil Pollut. 226:222.
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 Ingraffia, Amato, Sosa-Hernández, Frenda, Rillig and Giambalvo.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 12 June 2020 | Volume 11 | Article 760
